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- Cu/Ce0.5Pr0.5O2-δ catalysts are active in soot oxidation. 
- Soot combustion activity is enhanced in the presence of Cu/Ce0.5Pr0.5O2-δ  and 
Ce0.5Pr0.5O2-δ 
- Reduction of Ce and Pr in Ce0.5Pr0.5O2-δ is promoted to lower temperatures by copper. 
- Cu supported on Ce0.5Pr0.5O2-δ particles promotes the NOx-assisted mechanism. 
- Oxidation of soot over Ce0.5Pr0.5O2-δ occurs through the active oxygen mechanism. 
  






A series of 5%Cu/Ce0.5Pr0.5O2-δ and Ce0.5Pr0.5O2-δ mixed oxides have been prepared and 
combined in different ratios. The resulting catalysts have been characterized by N2 
adsorption, XRD, Raman spectroscopy and H2-TPR and tested for soot combustion by 
means of temperature-programmed experiments. The optimum catalyst for soot 
combustion in NOx/O2/N2 atmosphere is the mixture containing 40% Cu/Ce0.5Pr0.5O2-δ 
and 60% Ce0.5Pr0.5O2-δ. This mixture is more active than a reference catalyst containing 
the same amount of copper distributed in the whole Ce-Pr mixed oxide support. The 
benefit of mixing Ce0.5Pr0.5O2-δ particles with and without copper in a single catalyst 
formulation is that the participation of the two soot combustion mechanisms based on 
active oxygen and NO2, respectively, is optimized. The particles with copper mainly 
promote the catalytic oxidation of NO to NO2 (the NOx-assisted mechanism) while those 
without copper are more effective in promoting the active oxygen mechanism. If copper 
is loaded homogeneously in all the Ce0.5Pr0.5O2-δ particles, the positive effect of copper 
improving NO2 production is offset by the lower efficiency of the active oxygen 
mechanism, due to a lack of active oxygen on the Ce0.5Pr0.5O2-δ support. 
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Health and environmental problems are the reasons for the important concern 
about the removal of soot particles emitted from diesel engine [1, 2]. Filtering in a DPF 
(Diesel Particulate Filter) followed by combustion is one of the most promising 
technologies for soot abatement. Since the onset temperature for soot combustion is too 
high for spontaneous regeneration of the filters, it is necessary to ignite soot periodically 
by raising the temperature with or without diesel fuel addition [3, 4] and catalysts are 
required to promote filter regeneration. 
Several different catalysts have been studied for soot combustion [5], and 
formulations containing ceria-based materials are among the most promising; however, 
thermal stability of bare ceria is rather poor and ceria undergoes rapid sintering at high 
temperatures, which adversely affect its catalytic properties [6-8]. Therefore, 
modification of ceria is necessary in order to improve the stability towards sintering and 
the oxidation activity of the resulting catalysts. An approach to boost the catalytic 
activity is the preparation of materials with appropriate morphologies that can provide 
a large number of soot-catalyst contact points and that can expose more reactive planes 
enhancing the oxygen release capacity [9-11]. Improved thermal stability and changes in 
the physicochemical properties of ceria are also obtained by introducing other metal 
ions into the ceria structure, which may change the redox properties and may favour the 
creation of the oxygen vacancies improving the oxygen mobility through the catalyst 
[12-17]. The most promising doped-ceria active phases seem to be those containing Pr, 
Zr or La as main dopant [18-26], where the optimum loading depends on the dopant size 





and on the resulting redox properties [27]. 
The catalytic combustion of soot promoted by ceria-based catalysts takes place 
through two different reaction mechanisms, which are usually referred to as the active 
oxygen mechanism and the NOx-assisted mechanism [27]. In the active oxygen 
mechanism, ceria exchanges its oxygen with gas-phase O2 creating highly reactive 
oxygen species (the so-called “active oxygen”), and active oxygen oxidizes soot very 
efficiently. Some authors have related these active oxygen species with the formation of 
superoxides and peroxides on the ceria surface [28, 29]. They could form via oxygen 
adsorption on the reduced surface of ceria in the vicinity of soot and then they react 
with carbon forming CO2. On the soot/ceria interface, soot can reduce ceria initiating the 
“active oxygen” route that can promote the oxidation by a spillover mechanism. The 
main limitation of this reaction pathway is the short lifetime of the active oxygen 
species, which must be able to reach the soot particles. In a real DPF, the solid-solid 
contact between soot and catalyst particles is limited to few contact points and this 
hinders the transfer of active oxygen from ceria to soot. The other pathway, the so-called 
NOx-assisted mechanism, involves the catalytic oxidation of NO to NO2, which is more 
oxidizing than NO and O2 and successfully initiates soot combustion [1, 27, 30-35]. This 
is the basis of the so-called continuously regenerating trap (CRT) developed by Johnson 
Matthey [36], where a Pt catalyst accelerates NO oxidation. It has been reported that the 
NO oxidation capacity of ceria-based oxides can be improved by impregnation of 
transition metals, like copper, and this would be interesting to develop noble metal-free 
soot combustion catalysts [37,38]. Comparing the two ceria-catalysed soot combustion 
mechanisms, the main advantage of the NOx-assisted mechanism is that NO2 is stable 





and does not have lifetime restrictions to move from the catalyst to soot particles. 
However, the intrinsic reactivity of active oxygen is believed to be much higher than that 
of NO2 [39]. 
In this study we investigate in detail soot oxidation activity over a series of Cu 
loaded Ce0.5Pr0.5O2-δ catalysts with different amount of copper. The catalysts have been 
prepared by mixing Cu/Ce0.5Pr0.5O2-δ with Ce0.5Pr0.5O2-δ in appropriate amount in order 
to obtain increasing Cu content. Considering previous investigations [23], the 
Ce0.5Pr0.5O2-δ mixed oxide has been selected for this study as optimized ceria-based soot 
combustion catalyst, and copper has been selected as transition metal to improve the NO 
oxidation capacity. The aim of the study is to demonstrate that the design of soot 
combustion ceria-based catalysts can be improved in formulations that contain a 
combination of ceria particles with and without copper in order to optimize the 
simultaneous and synergic contribution of the two oxidation mechanisms (active oxygen 
and NOx assisted) to the overall combustion reaction. 
 
2. Experimental 
2.1. Catalyst preparation 
Ce0.5Pr0.5O2-δ was prepared by mixing in an agate mortar the proper amounts of 
cerium nitrate (Treibacher Industrie) and praseodymium nitrate (Sigma Aldrich) 
followed by calcination at 500 ºC for 3h. 5 wt.% Cu was deposited over Ce0.5Pr0.5O2-δ by 
incipient wetness impregnation of Ce0.5Pr0.5O2-δ with the appropriated amount of 





Cu(NO3)2·2.5H2O (98%, Sigma-Aldrich). Finally, it was dried overnight at 100 °C and 
calcined at 500 ºC for 3h. 
The investigated catalysts were obtained by mixing proper amounts of Ce0.5Pr0.5O2-δ 
and 5%Cu/Ce0.5Pr0.5O2-δ with a spatula in different weight ratios. The resulting mixtures 
will be referred to as xCuCePr+yCePr, where x and y indicate the weight percentage of 
5%Cu/Ce0.5Pr0.5O2-δ and Ce0.5Pr0.5O2-δ in the mixture, respectively (see Table 1). 
For comparison, an additional catalyst with 2% of copper (2%Cu/Ce0.5Pr0.5O2-δ) 
was prepared by incipient wetness impregnation of Ce0.5Pr0.5O2-δ with the copper 
precursor following the previously described impregnation and calcination procedures. 
This reference catalyst will be referred to as (2%)CuCePr. The characteristics of all 
catalysts are summarized in Table 2. 
 
2.2. Catalysts characterization 
Textural properties of all catalysts were studied by nitrogen adsorption at -196 ºC, 
using a Tristar 3000 gas adsorption analyser (Micromeritics). Structural features of the 
catalysts were characterized by X-ray diffraction (XRD). XRD patterns were recorded on 
a Philips X’Pert diffractometer operated at 40 kV and 40 mA using nickel-filtered Cu-Kα 
radiation. Diffractograms were collected using a step size of 0.02º and a counting time of 
40 s per angular abscissa in the range 20–80º. The Philips X’Pert HighScore software 
was used for phase identification. The mean crystallite size was estimated from the full 
width at the half maximum (FWHM) of the X-ray diffraction peak using the Scherrer 





equation [40] with a correction for instrument line broadening. Rietveld refinement [41] 
of XRD pattern was performed by means of GSAS-EXPGUI program [42, 43]. 
Raman spectra were recorded in a Jobin Yvon Horiba Raman dispersive 
spectrometer with a variable-power He-Ne laser source (632.8 nm) and 1mW laser 
power, using a confocal microscope. The laser approached the sample using an Olympus 
10x lens. The spectra were acquired after 2 scan of 120 s each one. 
The reducibility of the catalysts was studied by temperature-programmed 
reduction (TPR) experiments; catalysts (50 mg) were heated at a constant rate 
(10ºC/min) in a U-shaped quartz reactor from room temperature to 500 ºC under a 
flowing hydrogen/nitrogen mixture (35 ml/min, 4.5% H2 in N2). The hydrogen 
consumption was monitored using a thermal conductivity detector (TCD). Quantification 
of H2 consumption was carried out by calibrating the signal with the introduction of 
known amounts of hydrogen. 
 
2.3. Catalytic activity 
Samples for catalytic measurements were prepared by mixing accurately each 
catalyst with soot (Printex-U by Degussa AG) in tight and loose contact mode. The 
former was achieved by mixing a soot/catalyst (1/20 weight ratio) in an agate mortar 
for 10 minutes, while loose contact samples were obtained by mixing soot/catalyst (1/4 
weight ratio) for 2 minutes with a spatula. Soot oxidation for samples mixed under tight 
contact conditions was tested by running TGA experiments (Q500, TA Instruments) 
under O2/N2. The soot-catalyst sample (ca. 10 mg) was placed in a small flat Pt crucible 
licked by an air flow (60 mL/min) tangent to the sample, and heated at a constant rate 





(10 ºC/min) up to 800 ºC. Before the catalytic tests the samples were subjected to a 1h 
pre-treatment at 150 ºC under inert atmosphere in order to eliminate the adsorbed 
water. As a measure of activity, the temperature at which 50% of weight loss is observed 
(T50, corresponding to removal of 50% of soot) was used. 
Reaction rate measurements were also performed by isothermal experiments; ca. 
20 mg of a catalyst–soot mixture were pre-treated for 1h at 150 ºC under nitrogen 
atmosphere. Then they were heated at a constant rate (10 ºC/min) up to the reaction 
temperature (350 ºC) followed by switching to air. The reaction was followed for 1h 
using the weight loss rate as a measure of soot oxidation rate. Specific reaction rate has 
been normalized to the soot initially present in the reactor and to the catalyst weight 
µgsoot/(gsoot initial·s·gcatalyst). The reaction rate was calculated at 5% of conversion [9, 22]. 
The soot combustion activity for samples mixed in loose contact mode was 
determined by temperature programmed oxidation (TPO) experiments under NO/O2/N2 
mixtures. The catalytic tests were performed in a quartz reactor coupled to FT-IR gas 
analysers (MultiGas 2030, MKS) by monitoring the concentrations of CO2, CO, NO2 and 
NO at the outlet of the reactor. During the TPO experiments 20 mg of mixture were 
heated at a constant rate (10 ºC/min), while the gas flow (500 ppm NO/ 10 % O2/N2) 
was kept fixed at ca. 500 ml/min. The catalyst temperature was checked by a chromel–
alumel thermocouple, located on the catalyst bed. As a measure of activity, the 
temperature at which 50% of conversion is observed (T50) was used. The onset 
temperature for soot combustion is also evaluated with the temperature of 5% 
conversion (T5). Reproducibility of results was verified by running several experiments 
on similar samples and the results in terms of T50 were always within ± 3 °C. 





TPO experiments under NO/O2/N2 atmosphere were also performed only with the 
catalysts (without soot) in order to evaluate their NO oxidation capacity, and the 
temperature of the maximum production of NO2 (Tm) was used as an indication of 
activity. Reaction rate for NO oxidation were also determined at low conversion by 
assuming differential reactor conditions (i.e., conv. <10%). 
 
3. Results. 
3.1. Textural and structural characterization 
Figure 1 displays X-Ray diffractograms of the catalysts. They show characteristic 
signals corresponding to reflections of the planes (111), (200), (220), (311) and (222) of 
the fluorite structure. Other two weak peaks assigned to CuO were also detected at 2θ = 
35.5 and 38.6 degrees for the samples with the higher amount of copper. Cell 
parameters estimated for the ceria-praseodymia solid solution are slightly higher than 
that of pure ceria (5.4110 Å vs 5.4147 Å) indicating that the majority of Pr is included in 
solid solution as Pr4+ cation whose ionic radius is similar to that of Ce4+. According to the 
Vegard low [44, 45], the slight increase of the cell parameter is compatible with the 
presence of some Pr3+ (ca. 3%) inside the structure. Parameters for copper-containing 
catalysts are only slightly lower than that of the copper free sample (Table 2). This 
suggests that the majority of copper remains on the surface, and that is not significantly 
incorporated into the fluorite structure, in agreement with other literature works [37, 
46]. Also, no evidence of segregation of pure praseodymium oxide phase was revealed 
by XRD. 
Evaluation of BET calculated from N2 adsorption isotherms reveals that no 





significant difference exists among catalysts. The values of BET surface area are located 
in the range 24-30 m2/g for all mixtures (Table 2). This is in agreement with the 
crystallite sizes of 12 nm that were obtained for all catalysts. 
Figure 2 shows the Raman spectra of the investigated materials. The spectra 
evidenced two sharp bands at ca. 440 and 570 cm-1 and two broad bands at 185 and 
1120 cm-1. Raman spectra of ceria reported in literature [47] exhibit a single sharp band 
at around 465 cm−1 which is ascribed to the Raman active F2g mode of CeO2, 
characteristic of a fluorite structured material. This can be viewed as a symmetric 
breathing mode of the oxygen atoms surrounding each cation. Since only the oxygen 
atoms move, the mode frequency should be nearly independent of the cation mass. 
Meng-Fei Luo et al. [48] observed that the bands at 465 and 1170 cm-1 (ascribed to 
CeO2) underwent a systematic shift to lower frequencies with the increasing of Pr 
content, indicating that the incorporation of Pr into the ceria lattice results in the 
formation of the solid solution [23]. In agreement with these results, in our catalysts the 
bands are shifted down to 440 and 1120 cm-1 suggesting the formation of ceria-
praseodymia solid solution. The bands at 185 and 570 cm−1 are linked to oxygen 
vacancies in the CeO2 lattice [49]; particularly, the band at 185 cm−1 may be ascribed to 
the asymmetric vibration caused by the formation of oxygen vacancies [48]. The reason 
for the formation of the Raman band at 570 cm−1 is that when two Ce4+ ions are 
substituted by two Pr3+ ions, one oxygen vacancy is introduced into the fluorite lattice in 
order to maintain the electric neutrality, which will cause the broad peak on the high 
frequency side of the F2g band. Thus, the band at 570 cm−1 can be linked to lattice 
defects, which results in the creation of oxygen vacancies. In addition the peak at 185 





cm−1 is correlated to the peak at 570 cm−1 [49, 50], and could suggest a certain degree of 
tetragonalization of the fluorite lattice. 
In conclusion, characterization of the catalysts obtained by means of N2 adsorption, 
XRD and Raman spectroscopy reveals that all samples are homogeneous and 
characterized by similar textural and structural properties. 
 
3.2. Catalysts reducibility 
The reducibility of the catalysts has been studied by temperature-programmed 
reduction (H2-TPR) experiments with H2, Figure 3. For the copper-free Ce0.5Pr0.5O2-δ 
catalyst a single broad peak was found with an onset temperature of ca. 275 ºC and 
centred at around 400 ºC, in agreement with literature results [51, 52]. The overall H2 
consumption calculated from the TPR profile is 1.72 mmol/g, well above the quantity 
necessary to reduce surface Ce4+ and Pr4+. This suggests that surface and bulk Ce4+ and 
Pr4+ reduction occurs concurrently due to the good bulk oxygen mobility induced by the 
presence of praseodymium cations [51, 53]. Thus, it is likely that the oxygen vacancies 
generated by the presence of praseodymium lead to an easier exchange of oxygen 
through reactive oxygen species that can be formed and are easily reduced by H2 at low 
temperature [48]. On the other hand, the presence of copper modifies the redox 
behaviour of both CuO and ceria because of the metal-support interaction at the 
interface [54-56]. The reduction peaks are therefore shifted to lower temperatures 
compared to the reduction of the pure oxides (CuO or Ce0.5Pr0.5O2-δ). Figure 3A shows 
that the broad reduction peak at ca. 400 °C (corresponding to Ce0.5Pr0.5O2-δ reduction) is 
shifted to lower temperatures when increasing the fraction of CuCePr in the catalyst. In 





addition, a broad signal assigned to CuO reduction appears between 100 and 300 ºC [52, 
57]. This peak is not observed on the copper-free CePr catalyst. Under similar 
experimental conditions, pure CuO profile exhibits a single reduction peak centred at ca. 
320-380 ºC [37, 48, 54, 56], a temperature which is markedly higher than the 
temperatures of the reduction events of any of the catalysts tested in the present study, 
probing the synergic effect between copper and the support for reduction of the Cu2+, 
Ce4+and Pr4+ cations. 
The quantitative analysis of the TPR profile (Table 3) reveals that the amount of H2 
consumed in the first peak exceeds that required for complete reduction of CuO to Cu, 
suggesting that part of Ce4+ and Pr4+ is reduced at low temperature (100–300 °C) 
through a spillover process promoted at the CuO-Ce0.5Pr0.5O2-δ interface [37, 58]. 
To summarize, in Figure 3A two different reduction events can be identified. The 
one taking place at low temperature corresponds to the reduction of CuO species and 
surface Ce4+ and Pr4+ cations in close contact with copper. The other, located at 
temperature higher than 275 ºC, corresponds to the reduction of the fraction of 
Ce0.5Pr0.5O2-δ which is not in close contact with copper but still benefits from the 
presence of the transition metal. A boundary between the reduction of the physical 
mixture of CuCePr and CePr is detected at ca. 275 ºC. 
The presence of two different reduction events is highlighted by comparing the 
reduction profiles of 40CuCePr+60CePr with that of the reference catalyst (2%)CuCePr 
in Figure 3B. Note that the total amount of copper is the same on (2%)CuCePr and on 
40CuCePr+60CePr, but on the former catalyst copper is distributed over all Ce0.5Pr0.5O2-δ 
particles while on the latter the same amount of copper is loaded only on 40% of the 





Ce0.5Pr0.5O2-δ particles. The reduction profile of (2%)CuCePr exhibits a single reduction 
band correlated to the simultaneous reduction of Cu2+, Ce4+ and Pr4+ cations while the 
physical mixture (40CuCePr+60CePr) shows two signals due to the presence of different 
reduction paths. In the low temperature reduction peak Cu2+ is reduced together with 
Ce4+ and Pr4+ cations  in close contact with copper, while in the high temperature 
reduction peak only Ce4+ and Pr4+ cations which are not in close contact with copper are 
reduced. 
In conclusion, a two-step reduction profile is observed for all the xCuCePr+yCePr 
catalysts that contain copper, with peak temperatures considerably lower than those of 
pure CuO and Ce0.5Pr0.5O2-δ. 
 
3.2. Catalytic tests 
The evaluation of NO to NO2 oxidation ability of the different catalysts was carried 
out by means of temperature-programmed oxidation experiments (Figure 4). All the 
catalysts are active in NO oxidation with the onset of activity located at around 250-
300°C. Differences in NO conversion to NO2 are only important before the 
thermodynamic equilibrium of the NO/NO2 reaction (dotted line in Figure 4A), and 
therefore the NO2 production profiles are identical above ca. 450/500 ºC. Reaction rate 
for NO2 production was calculated at 285 ºC for conversion lower than 10 %. Figure 4B 
revealed that the reaction rate increased almost linearly with the amount of CuCePr 
present in the sample, i.e. with the amount of copper, confirming the key role of copper 
to improve the NO oxidation capacity of the ceria-based oxides. 
Soot oxidation was studied in O2/N2 atmosphere for tight contact mixtures and the 





results are reported in Table 3. The T50 values vary in a very narrow range (376-379 
°C), indicating a similar catalytic activity for all the samples. Comparable results (not 
shown for the sake of clarity) were obtained also by TPO experiments. The oxidation 
rate values (Table 3) are also in agreement with the activity behaviour, confirming that 
the ability of catalysts to oxidize soot is independent on copper content.  These 
experiments point out that copper does not affect the combustion of soot by O2 if the 
soot-ceria catalyst contact is tight; that is, if there are no restrictions for the active 
oxygen from ceria to be transferred to soot. 
The T5 and T50 values extracted from TPO experiments under NO/O2/N2 with 
loose contact soot-catalyst mixtures are reported in Figure 5. Soot oxidation activity 
under these conditions depends on catalyst composition. In both cases the 
40CuCePr+60CePr catalyst resulted to be the most active with the lowest T5 and T50; 
the activity curve has an almost inverse volcano-type profile with a minimum oxidation 
temperature in the middle composition range. This indicates that NOx-assisted soot 
combustion mechanism is not the main combustion pathway, as in this case a linear 
dependence of the activity on the copper content should have been observed, with the 
catalyst with the higher amount of copper (CuCePr) being the most active in soot 
oxidation. It seems therefore that NO oxidation capacity alone cannot explain the order 
of activity and a combination of two different mechanisms should be considered to 
explain the behaviour. 
The catalytic combustion of soot was also compared over two catalysts with the 
same copper content, (2%)CuCePr and 40CuCePr+60CePr; the former with copper 
loaded in the whole Ce0.5Pr0.5O2-δ support and the latter with copper loaded only in 40% 





of the Ce0.5Pr0.5O2-δ support. Figure 6 compiles conversion curves obtained in soot 
oxidation experiments with NO/O2/N2 and loose soot/catalyst mixtures with a 
soot/catalyst ratio of 1/4. The results revealed that the catalyst with two components is 
more active than that with copper loaded on the whole support. 
 
4. Discussion 
Characterization of the catalysts obtained by means of BET, XRD and Raman 
spectroscopy revealed that all catalysts have similar textural and structural properties, 
unaltered by the presence of copper. On the contrary, the reducibility of the 
xCuCePr+yCePr catalyst is significantly affected by copper, and two reduction processes 
were identified: the one occurring at lower temperature is attributed to Cu2+ reduction 
together with reduction of the Ce4+ and Pr4+ cations located near copper, the one 
occurring at higher temperature is assigned to reduction of Ce4+ and Pr4+ cations which 
are not in close contact with copper. The presence of two different reduction events can 
be associated to the presence of two different types of active sites in the mechanism of 
catalytic combustion of soot under NO/O2/N2 mixtures, which are summarized in Figure 
7. Figure 7A describes the active oxygen mechanism; in this mechanism, the catalyst acts 
as a redox centre, transferring oxygen from gas-phase O2 to soot, though an oxygen 
exchange process. The catalyst reduction is initiated at the contact/interface area 
between soot and catalyst, forming reduced sites that are reoxidized by gas phase O2. 
The highly reactive oxygen species transferred from the catalyst to soot (the so-called 
“active oxygen”) can effectively oxidize the soot particles in direct contact with them. 
The soot in contact with the catalyst takes the active oxygen from the catalyst surface 





promoting oxidation and creating new vacancies, which are quickly filled by the gas 
phase or subsurface oxygen. This mechanism depends on the catalyst-soot contact 
points/surfaces that are maximized by evaluating the catalyst performances under tight 
contact mode. The experiments performed in O2/N2 under tight contact conditions 
evidenced no difference among the various xCuCePr+yCePr catalysts, regardless to the 
amount of copper. Only the active oxygen mechanism is operative under these reaction 
conditions and the presence of copper does not affect the capacity of ceria-praseodymia 
to provide oxygen for the combustion of soot. 
Figure 7B describes the so-called NOx-assisted mechanism, which is operative in 
the presence of NO. Under these conditions, oxidation of NO to NO2 is initiated at the 
CuO-Ce0.5Pr0.5O2-δ interface with CuO effectively adsorbing NO, and with Ce0.5Pr0.5O2-δ on 
the interface serving as source of oxygen to yield NO2 [54], which then oxidizes soot. The 
reoxidation of the CuO-Ce0.5Pr0.5O2-δ interface is carried out by oxygen from the 
Ce0.5Pr0.5O2-δ support, and the generated vacancies must be filled by gas phase O2. The 
key role of copper in NO2 production is evidenced by the linear relationship observed in 
NO oxidation to NO2  (Figure 4B). Therefore a relationship between copper content, NO2 
production and soot combustion should have been expected if the NOx-assisted 
mechanism was the main reaction path in experiments performed under NOx/O2/N2. 
However, this is in contrast to what reported in Figure 5, likely because both the active 
oxygen and the NOx assisted mechanisms are not independent and operate in close 
cooperation. 
The active oxygen and the NOx-assisted soot combustion mechanisms have 
different features. Active oxygen is expected to be more oxidizing than NO2 but the 





lifetime of active oxygen is much shorter. Hence, soot combustion by active oxygen is 
very efficient but is limited to the few contact points existing between soot and catalyst 
particles mixed in loose contact. On the contrary, NO2 can travel from the catalyst to soot 
without restrictions, but is less oxidizing than active oxygen. 
When copper is loaded on Ce0.5Pr0.5O2-δ, the production of active oxygen is favoured 
because copper improves the catalyst reduction, as deduced from H2-TPR experiments 
(Figure 3A), and this active oxygen production is mainly located at the CuO-Ce0.5Pr0.5O2-δ 
interface. During the course of the soot combustion reactions performed in the presence 
of NOx, this active oxygen produced at the CuO-Ce0.5Pr0.5O2- δ interface could potentially 
react with either NO, to yield NO2, or with soot. The reaction with soot has less chance to 
occur compared to NO, due to the immobility of soot in the solid phase. Therefore, the 
improved production of active oxygen at the CuO-Ce0.5Pr0.5O2- δ interface mainly benefits 
the NOx-assisted mechanism. However, the positive effect of copper improving NO2 
production has a penalty in the active oxygen mechanism, because it creates a lack of 
oxygen on Ce0.5Pr0.5O2-δ. If catalyst oxygen is consumed at the CuO-Ce0.5Pr0.5O2-δ interface 
mainly in NO2 formation, the Ce0.5Pr0.5O2-δ support transfers its oxygen to the CuO-
Ce0.5Pr0.5O2-δ interface to compensate the oxygen imbalance. Therefore, there is less 
oxygen on Ce0.5Pr0.5O2-δ available to be transferred directly to soot; that is, the active 
oxygen mechanism is affected negatively. 
It is important to pay attention to the geometrical picture of a CuCePr-soot loose 
contact mixture during the catalytic combustion in NOx/O2/N2. Since the amount of 
copper on the CuCePr catalyst is small with regard to Ce0.5Pr0.5O2-δ, it is more likely that 
soot is in contact with the Ce0.5Pr0.5O2-δ support than with the CuO-Ce0.5Pr0.5O2-δ 





interface, that is, in a CuCePr-soot loose contact mixture, statistically, there will be much 
more soot-Ce0.5Pr0.5O2-δ contact points that soot-CuO-Ce0.5Pr0.5O2-δ contact points. As 
mentioned, copper promotes the reducibility at the CuO-Ce0.5Pr0.5O2-δ interface and this 
locates the most reactive oxygen species in that interface and creates a shortage of 
oxygen on the Ce0.5Pr0.5O2-δ support. NO can move freely and pick active oxygen at the 
CuO-Ce0.5Pr0.5O2-δ interface, but soot must react with the oxygen available at the soot-
catalyst contact points. Therefore the presence of copper hinders the active oxygen 
mechanism because most soot-catalyst contact points are not at the CuO-Ce0.5Pr0.5O2-δ 
interface but are with the Ce0.5Pr0.5O2-δ support that suffers from a shortage of oxygen. 
The penalty that the NO2-assisted mechanism produces in the active oxygen 
mechanism can be partially avoided mixing Ce0.5Pr0.5O2-δ particles with and without 
copper, and the results compiled in Figure 5 suggest that the optimum composition is 
obtained with a mixture of 40% Cu/Ce0.5Pr0.5O2-δ and 60% Ce0.5Pr0.5O2-δ. The main role of 
the Cu/Ce0.5Pr0.5O2-δ particles is to accelerate the oxidation of NO to NO2, promoting the 
NOx-assisted soot combustion, but without affecting the active oxygen mechanism taking 
place on the remaining 60% of copper-free Ce0.5Pr0.5O2-δ particles. 
The benefit of mixing Ce0.5Pr0.5O2-δ particles with and without copper in a single 
catalyst formulation is evidenced by comparing the performance of (2%)CuCePr and 
40CuCePr+60CePr. Both catalysts have the same amount of copper, but in the former 
copper is loaded in the whole Ce0.5Pr0.5O2-δ support while in the latter the same amount 
of copper is loaded only on 40% of the Ce0.5Pr0.5O2-δ particles. The H2-TPR experiments 
(Figure 3B) show that (2%)CuCePr is reduced in a single step, that is, the high 
reducibility of the CuO-Ce0.5Pr0.5O2-δ system prevails. On the contrary, the reduction 





profile of 40CuCePr+60CePr shows two reduction events that could be related to the 
presence of two types of active sites during the soot combustion experiments. The most 
easily reduced sites located on copper–containing Ce0.5Pr0.5O2-δ particles mainly 
promote NO oxidation to NO2, and the sites reduced at higher temperatures located on 
copper–free Ce0.5Pr0.5O2-δ particles mainly contribute to the active oxygen mechanism. 
 
5. Conclusions. 
5%Cu/Ce0.5Pr0.5O2-δ and Ce0.5Pr0.5O2-δ oxides have been prepared and mixed in 
different ratios, and the resulting catalysts have been characterized and tested for soot 
combustion. The optimum catalyst for soot combustion (in loose contact) with 
NOx/O2/N2 is the mixture containing 40%wt. Cu/Ce0.5Pr0.5O2-δ and 60%wt. Ce0.5Pr0.5O2-δ. 
This mixture, that combines Ce0.5Pr0.5O2-δ particles with and without copper, is more 
active than a reference catalyst with the same amount of copper, but distributed in the 
whole Ce-Pr mixed oxide support. 
The benefit of mixing Ce0.5Pr0.5O2-δ particles with and without copper in a single 
catalyst is that the participation of the two soot combustion mechanisms based on active 
oxygen and NO2, is optimized. The catalyst that combines Ce0.5Pr0.5O2-δ particles with 
and without copper has two different types of active sites, where the two soot 
combustion mechanisms take place. The particles with copper mainly promote the 
catalytic oxidation of NO to NO2 (the NOx-assisted mechanism) while those without 
copper are more effective promoting the active oxygen mechanism. If copper is loaded 
homogeneously in all the Ce0.5Pr0.5O2-δ particles, the positive effect of copper in 
improving NO2 is offset by the penalty in the active oxygen mechanism, and the overall 





performance of the catalyst in soot combustion is lower. 
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Figure 1: Powder X-ray diffraction profiles of all samples 
Figure 2: Raman spectra of the catalysts 
Figure 3: (A) H2-TPR profiles of investigated catalysts; (B) comparison of 
40CuCePr+60CePr and (2%)CuCePr. 
Figure 4: (A) NO2 production profiles in NO oxidation and (B) reaction rate calculated at 
285ºC 
Figure 5: (A) T50 and (B) T5 from TPO experiments carried out under 500 ppm NO/10 
%O2/N2 atmosphere. 
Figure 6: Soot conversion profiles of catalysts with the same amount of copper: 
(2%)CuCePr (green) and 40CuCePr+60CePr (black). 
Figure 7: (A) Active oxygen mechanism, (B) NO2-assisted mechanisms, (C) overall 
mechanism of reaction for soot combustion over CuCePr + CePr catalysts. 
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Table 1: composition of catalyst formulations investigated. 
Sample name Catalyst composition (wt.%) 
 (5%)Cu/Ce0.5Pr0.5O2-δ Ce0.5Pr0.5O2-δ 
CePr 0 100 
20CuCePr+80CePr 20 80 
40CuCePr+60CePr 40 60 
60CuCePr+40CePr 60 40 
80CuCePr+20CePr 80 20 
CuCePr 100 0 
(2%)CuCePr (2%)Cu/Ce0.5Pr0.5O2-δ 0 
 
  





Table 2: main characteristics of catalysts investigated. 







CePr 0 24 5.4147(3) 12 
20CuCePr+80CePr 1 27 5.4143(3) 12 
40CuCePr+60CePr 2 26 5.4127(3) 12 
60CuCePr+40CePr 3 26 5.4126(3) 12 
80CuCePr+20CePr 4 30 5.4117(1) 12 
CuCePr 5 26 5.4116(3) 12 
(2%)CuCePr 2 26 5.4141(3) 12 
a:nominal copper loading; 
b:Lattice parameter calculated with Rietveld refinement for a cubic structure. 
  





Table 3: H2-TPR and soot oxidation data. 














CePr / / / 1.72 378 198 
20CuCePr+80CePr 0.16 0.62 3.94 1.61 377 187 
40CuCePr+60CePr 0.31 1.07 3.40 1.61 378 190 
60CuCePr+40CePr 0.47 1.53 3.24 1.79 376 175 
80CuCePr+20CePr 0.63 1.81 2.87 1.93 377 189 
CuCePr 0.79 2.13 2.71 2.13 378 184 
(2%)CuCePr 0.31 1.5 4.77 1.50 379 212 
aCalculated hydrogen consumption for CuO reduction. 
bH2 consumed from the first peak. 
cOverall H2 consumption in H2-TPR. 
dTemperature of 50% conversion for soot oxidation under O2/N2 atmosphere. 
eRate of soot oxidation µgsoot/(gsoot initial*s* gcatalyst)x100, measured at 350 °C for soot 
oxidation under O2/N2 atmosphere. 
